We constructed a stable, low-copy-number plasmid containing a fusion between a Sinorhizobium meliloti rRNA promoter and gfp(mut3). When transformed into S. meliloti the resulting strain, Rm1021/pKW1, fluoresced in proportion to its growth rate during balanced growth. This strain also showed an unexpected behavior when grown to stationary phase in TY medium: the average cellular fluorescence increased through mid-exponential phase then decreased dramatically. The explanation for this appears to be that transcription from the rRNA promoter was shut off in mid-exponential phase and intracellular Gfp was diluted by continued cell growth.
Introduction
Sinorhizobium meliloti, a member of the K-Proteobacteria, is found free-living in soil but can also live as intracellular symbionts of alfalfa and several other plants belonging to the family Leguminosae [1^6] . The symbiotic form resides in root nodules and is able to reduce atmospheric nitrogen to ammonia, thus providing its host plant with the ability to populate environments which are marginal due to low levels of available nitrogen.
S. meliloti is very £exible metabolically because it carries a large number of genes for the import and catabolism of exogenous growth substrates. Genome sequencing revealed that 12% of its 6200 genes are dedicated to transport. Most of these are dedicated to the import of amino acids, peptides, and carbohydrates [7, 8] . Such a large repertoire of genes encoding import functions indicates that S. meliloti can probably utilize a large number of carbon sources found in soil and near plant roots. Laboratory investigations have con¢rmed the genomic data, and have shown that this species can utilize a wide variety of substances as growth substrates that support a wide range of growth rates [9, 10] .
In some species of bacteria, high rates of growth are supported mainly by high numbers of ribosomes, rather than by especially high rates of ribosomal transit along mRNAs. In media that allow fast growth, Escherichia coli has relatively many ribosomes that move at a characteristic rate along mRNA. In media that support a slower growth rate, E. coli has fewer ribosomes which move at a characteristic rate that is only somewhat slower than the rate seen in faster growing cells [11^13] . While rates of DNA replication, transcription, cell wall synthesis, and other cellular activities must respond e⁄ciently and robustly to changes in growth rate, it is thought that control of ribosome synthesis in response to changes in growth rate is important because ribosomes are large, complex, assemblages that are expensive to synthesize. In E. coli ribosome levels are controlled mainly by the rate of production of rRNA, which is controlled mainly by the rate at which rRNA transcription is initiated from the upstream-most rRNA promoter, termed the P1 promoter [14] . In E. coli ribosome levels are proportional to growth rate, and the rate of transcription from the rrn P1 promoters is proportional to the square of the growth rate [14] . It has been estimated that under conditions of rapid growth half of all transcription in E. coli is dedicated to the production of ribosomal RNA [15] . Because of the relationship between rRNA transcription and growth rate reporter genes such as lacZ, luxAB and gfp fused to rRNA promoters can be used to monitor transcriptional activity of rRNA promoters, and indirectly, bacterial growth rate [11,16^19] .
We have fused a fast-folding variant of Gfp to a S. meliloti rRNA promoter and used the fusion to monitor transcription from that promoter. Work described below shows transcription from the promoter increases with increasing steady-state growth rate. The promoter also shows an unusual pattern of expression during growth from lag to stationary phase in complex medium.
Materials and methods

Bacterial strains, growth media and chemicals
Strains and plasmids are listed in Table 1 . Bacteria were grown in tryptone-yeast medium (TY medium : 6 g tryptone, 3 g yeast extract, 0.38 g CaCl 2 per liter), TY+0.4% glucose, or in M9 salts [20] containing glycerol, succinate or fumarate at 0.4% (w/v). Streptomycin was used at 500 Wg ml 31 , chloramphenicol at 200 Wg ml 31 and tetracycline at 2.5 Wg ml 31 . AlexaFluor 488 standards were purchased from Molecular Probes (Eugene, OR, USA) as was the InSpeck Green Calibration kit.
Plasmid construction
The promoter region of rrnB was ampli¢ed from Rm1021 genomic DNA using primers rRNA-up (5P-CTA-TTGGCTGATCTGCCACC-3P) and rRNA-down (5P-CC-AGCGTTCGTTCTGAGCCA-3P). BamHI linkers were ligated to the 751-bp ampli¢cation product and it was cloned into BamHI-cut pBluescript SK(3), giving pDG76. The ampli¢cation product was removed as a BamHI fragment from pDG76 and cloned into BamHIcut pDG65, a pVO155-based plasmid that contained gfp(mut3) under the control of a constitutive trp promoter fragment from Salmonella typhimurium [21^23]. This replaced the trp promoter fragment with the rrnB promoter fragment, and resulted in the gfp(mut3) gene being £anked upstream by the rrnB promoter, and downstream by a trp transcriptional terminator. The resulting plasmid was pDG78. Next, the terminator-rRNA promoter-gfp(mut3) cassette was removed by digesting pDG78 with PstI and KpnI. The cassette was cloned into the high-copy-number, broad-host-range plasmid pMB393, giving pDG79. We were unable to move this plasmid into S. meliloti, perhaps because cells could not tolerate high numbers of plasmidborne rRNA promoters. The terminator-rRNA promotergfp(mut3) cassette was removed from pDG79 as an XbaIKpnI fragment and cloned into the stable, low-copy-number, broad-host-range plasmid pHC41, giving plasmid pKW1 ( Fig. 1) The rRNA promoter region of pKW1 was checked by sequencing. A promoter-deletion control was constructed by dropping a 515-bp SalI fragment from pKW1. This removed the rRNA P1 region and upstream sequences. The resulting plasmid was pTSM2 (Fig. 1 ).
Balanced growth experiments
Strains Rm1021/pKW1 and Rm1021/pTSM2 were grown to stationary phase in 2.5 ml of medium in 18U150-mm tubes at 30 ‡C. They were then diluted 1:100 in 25 ml of prewarmed medium in 250-ml £asks and shaken at 250 rpm at 30 ‡C. When the OD 415 reached 0.08^0.10 the culture was diluted 1 to 20 into 25 ml of prewarmed medium. Multiple samples were collected after the second dilution, before the cultures went above an OD 415 of 0.1. Optical density was measured by reading 100 Wl of culture in a 96-well microtiter dish with a BioRad 550 plate reader. Because of the short path length the optical density is about three times less than what would have been observed using a cuvette with a standard 1-cm Contains a trp terminator in front of gfp(mut3) This study pDG71
Constitutively expressed gfp(mut3) gene cloned into the stable, low-copy-number, broad-host-range plasmid pHC41 [39] pDG76 pBluescript containing a PCR-ampli¢ed copy of the S. meliloti rrnB promoter This study pDG78 pDG76 with the S. meliloti rrnB promoter inserted between the trp terminator and gfp(mut3) This study PDG79 pMB393 containing the terminator-prrnB-gfp(mut3) cassette from pDG78 This study pKW1 pHC41 containing the terminator-prrnB-gfp(mut3) cassette from pDG79 This study pTSM2 pKW1 with a 515-bp SalI fragment removed from the rrnB promoter This study pHC41
Stable, low-copy-number, broad-host-range plasmid
High-copy-number, broad-host-range plasmid [40] pBluescript SK (3) Cloning vector Stratagene path length. Samples for culture £uorescence, single-cell £uorescence and RNA levels were taken at various times and cell pellets were frozen in 120 Wl of 15% glycerol at 380 ‡C until all samples were collected.
One-step growth experiments
Strains Rm1021/pKW1 and Rm1021/pTSM2 were grown to stationary phase in 2.5 ml of TY medium containing 500 Wg ml 31 streptomycin and 2.5 Wg ml 31 tetracycline in 18U150-mm tubes at 30 ‡C. They were then diluted into 100 ml of prewarmed TY medium with 2.5 Wg ml 31 tetracycline in 1000-ml £asks such that the OD 415 was about 0.005. They were shaken at 250 rpm at 30 ‡C. Samples for culture £uorescence, single-cell £uorescence and stable RNA levels were taken at various times and cell pellets frozen in 120 Wl of 15% glycerol at 380 ‡C until all samples were collected.
Culture £uorescence determination
Culture samples were thawed on ice and £uorescence of the cells was measured using a CytoFluor 4000 £uorim-eter with excitation at 485 nm and emission at 508 nm. Fluorescence was corrected for cell number by dividing sample £uorescence by its optical density at 415 nm. Optical density at 415 nm was determined using a Bio-Rad 550 plate reader. In order to remove variability due to £uorimeter warm-up times, or bulb intensity, the relative bacterial £uorescence was standardized using an AlexaFluor 488 reference curve. The £uorescence of 0^3.5 WM AlexaFluor 488 was determined at the same time as was bacterial £uorescence, and bacterial £uores-cence was expressed in those units. For example, 100 Wl of bacteria with a £uorescence of 0.1 WM were as bright as 100 Wl of 0.1 WM AlexaFluor 488 read under the same conditions. 
Single-cell £uorescence determination
Samples for single-cell analysis were mounted on polylysine-coated slides and epi£uorescent images were taken with a Qimaging Retiga EX chilled CCD camera using a 60U, 0.7 NA, objective on a Nikon Eclipse 300 microscope. Bacterial £uorescence was corrected by subtracting the background £uorescence from each image. For each sample, the average pixel intensity of 50^200 bacteria was determined, and corrected for auto£uorescence of the control strain Rm1021/pTSM2. In order to reduce variability caused by sample mounting, microscope settings, and mercury bulb age and positioning, bacterial £uorescence was standardized using reference beads. The £uorescent beads were imaged at the beginning of each microscope session, and quantitated with the same methods used for quantitative imaging of bacteria. The £uorescence of bacterial cells in these experiments was similar to the £uorescence of 0.3% standard beads in the InSpeck Calibration kit from Molecular Probes (Eugene, OR, USA). Thus, bacterial £uorescence was reported in the same units as these beads (%). Bacterial £uorescence was imaged using a ¢lter set with a 465^495-nm excitation ¢lter and a 515^555-nm emission ¢lter. Image quanti¢cation was done with NIH Image.
Stable RNA levels
Culture pellets were precipitated on ice for 30 min with 50 Wl of 10% trichloroacetic acid (TCA). The precipitate was spun down and washed with 100 Wl of 10% TCA, and resuspended in 200 Wl 5% TCA. This was incubated at 95 ‡C to hydrolyze nucleic acids. The hydrolysate was spun down and 150 Wl of supernatant was combined with 150 Wl of orcinol reagent [24] , incubated at 100 ‡C for 20 min, and then cooled on ice. A 200 Wl was read in a Bio-Rad 550 microtiter plate reader using a 655-nm ¢lter. Yeast tRNA was used as a standard.
Measurement of transcript levels by reverse transcription polymerase chain reaction (RT-PCR)
RNA was puri¢ed from cell pellets, and 1 Wg of each RNA sample was spiked with 10 9 copies of a control RNA encoding a kanamycin resistance protein (Promega). The samples were then reverse-transcribed at 42 ‡C for 1 h using ImProm-II reverse transcriptase (Promega). Primers used were 5P-ATCCAGCAGCTGTTACAAACTCA-3P for gfp and oligo d(T 15 ) for the kanamycin control. Following reverse transcription, 0.01 Wl of the 50 Wl reaction was ampli¢ed by PCR using primers gfp-up (5P-ACCAT-GTGGTCTCTCTTTTCGTTG-3P) and gfp-down (5P-AT-CCCAGCAGCTGTTACAAACTCA-3P). This generated a 687-bp ampli¢cation product from gfp cDNA. Separately, 0.01 Wl of each 50 Wl reverse transcription reaction was also ampli¢ed with primers speci¢c for the kanamycin control cDNA (5P-GCCATTCTCACCGGATTCAGT-CGT-3P and 5P-AGCCGCCGTCCCGTCAAGTCA-3P) which generated a 323-bp product. 50 Wl PCR reactions were cycled as follows : 2 min at 94 ‡C for initial denaturation, then 1 min at 94 ‡C, 1 min at 58 ‡C, 2 min at 72 ‡C for 34 cycles, followed by a ¢nal extension at 72 ‡C for 5 min. Using this protocol the PCR product formed was proportional to the amount of input cDNA for gfp and control cDNAs. All samples were also ampli¢ed following a mock reverse transcription step to ensure that there was no DNA contamination present that could give rise to PCR products.
Results and discussion
3.1. Sequence analysis of three S. meliloti rRNA promoter regions, and construction of a prrnB-gfp reporter S. meliloti contains three rRNA operons on its 3.65-Mb chromosome. These operons are similar in overall structure to most other bacterial rRNA operons. Each encodes a 16S, 23S and 5S rRNA along with tRNAs that decode alanine and methionine codons [8, 25] . The operons are identical in sequence from their promoter regions through the met-tRNA genes that are at their ends. The rRNA operons begin near base numbers 81 150, 2 812 000 and 3 214 400 on the chromosome [8, 25, 26] and are referred to as rrnC, rrnA and rrnB respectively in this paper, following the nomenclature of Gustafson et al. [18] . The putative P1 310, 335, GC-rich discriminators, and UP elements of all three promoter regions were easily identi¢ed because of their similarity to these regions in other bacterial rRNA promoters (Fig. 1) [19, 27] . The GC-rich discriminators, 310, and 335 regions are identical in all three S. meliloti rRNA promoters. The UP elements, and upstream DNA di¡er among the three promoter regions, with those from rrnC and rrnB being most similar. The DNA upstream of the UP elements contains some regions that are conserved among the three promoters, but it was di⁄cult to discern any sequences that may act as binding sites for regulatory proteins (Fig. 1) .
The promoter region of rrnB was cloned by high-¢delity PCR. The ampli¢ed 751-bp fragment was cloned downstream of a transcriptional terminator and in front of gfp(mut3) (Fig. 1) . The resulting terminator-prRNAgfp(mut3) cassette was cloned into the stable, low-copynumber plasmid pHC41 [28] giving plasmid pKW1. A control plasmid, pTSM2, that lacked the rrnB promoter was also constructed (Fig. 1). 
Fluorescence of the prrnB-gfp reporter during batch growth in a complex medium
We initially tested the response of the prrnB-gfp reporter to varying growth rate by batch culturing strains Rm1021/pKW1 and Rm1021/pTSM2 in a TY growth medium and determining the £uorescence of cells over the course of growth. Both single-cell £uorescence measurements and £uorescence measurement by £uorimetry showed that cells of Rm1021/pKW1 increased in brightness up through the mid-exponential section of the growth curve (Fig. 2) . At that point the cells stopped increasing in brightness and over the remainder of the growth curve the average £uorescence per cell decreased dramatically. By the time the cells reached stationary phase their £uores-cence had decreased to background levels. This result was unexpected because transcription rates of rRNA promoters are generally high when rates of cell growth are high.
The above result could possibly have been explained by degradation of Gfp. Even though Gfp is generally very stable [29] , it was important that we test its stability in S. meliloti. We repeated the experiment and stopped protein synthesis in mid-exponential phase by adding chloramphenicol to the culture. Gfp was not synthesized after chloramphenicol addition, and the half-life of the preexisting Gfp was more than 12 h (data not shown).
The original experiment was repeated using a plasmid that di¡ered from pKW1 only in that the promoter was not the rrnB promoter, but a constitutively expressed fragment of the S. typhimurium trp promoter [30] . This strain, Rm1021/pDG71, did not show a decline in £uorescence during mid-exponential phase (Fig. 2C) . This result, combined with the demonstrated long half-life of Gfp, indicated that the decline seen with strain Rm1021/pKW1 at mid-exponential was not likely due to lack of folding or degradation of Gfp brought on by a change in culture conditions or cell physiology. The declining £uorescence levels after mid-exponential phase were most likely due to a stop, or dramatic decrease, in transcription from the rrnB promoter that was driving gfp expression. In fact, the decline in £uorescence per cell could be modeled by assuming a complete lack of Gfp synthesis 2^3 h after peak £uorescence, followed by dilution of the existing Gfp by the increase in culture mass that takes place as the cells grow to stationary phase (see dashed line in Fig. 2A,B) .
To investigate the possibility that rrnB-gfp transcript levels fell during mid-exponential phase, RNA was isolated from culture samples of Rm1021/pKW1 during growth in TY. RT-PCR of rrnB-gfp mRNA in these samples showed that levels of transcript from the rrnB-driven reporter fell precipitously just before Gfp £uorescence began to decline (Fig. 2E,F) . The decline in rrnB-gfp transcript levels was much quicker than the decline in Gfp £uorescence, which was expected given the short half-life of most mRNA molecules in bacteria. Ideally, rRNA levels originating from each of the rRNA operons would have been measured separately by RT-PCR, rather than the gfp reporter. However, the fact that the rRNA operons are identical from the P1 335 box to the end of the operon precluded that possibility.
Measurement of stable RNA and total £uorescence of the cultures during batch growth showed that while Gfp stopped accumulating in mid-exponential phase, stable RNA continued to accumulate until cells reached stationary phase (Fig. 2C ). This suggests that transcription from the rrnA or rrnC must increase during mid-exponential phase to compensate for the decline of transcription from the rrnB promoter during this period.
3.3. Fluorescence of the prrnB : :gfp reporter strain during balanced growth
Strains Rm1021/pKW1 and Rm1021/pTSM2 were grown in batch culture in ¢ve media that supported di¡er-ent growth rates. These were M9-glycerol, M9-succinate, M9-fumarate, TY, and TY+glucose. To ensure that the cultures grew at a characteristic rate for an extended period and did not reach the density at which the prrnB-gfp reporter was downregulated they were always diluted before the OD 415 reached 0.1. After two dilutions, a series of culture samples was taken and the average cellular £uo-rescence was determined by £uorimetry and microscopic analysis of single cells.
Microscopic analysis showed that, as expected, cells of Rm1021/pKW1 were brighter and larger when growing quickly than when growing slowly [12, 16] . Statistical analysis of single-cell £uorescence showed that the £uorescence distributions were skewed to the left, with right-hand tails that were most pronounced with the faster growing cultures (Fig. 3A^D) . The £uorescence distributions of cells growing at di¡erent rates overlapped. In spite of this, the means of the £uorescence distributions were quite di¡erent for cells grown in four of the ¢ve media and the di¡erences between these means were statistically signi¢cant (Fig. 3AÊ ). Fluorescence measurement by £uorimetry also showed that cellular £uorescence increased with increasing growth rates (Fig. 3E) .
The rrnB: :gfp fusion described in this paper has allowed us to begin studies on the transcriptional control of rRNA synthesis in S. meliloti. Control of ribosome synthesis is undoubtedly important to the overall cellular economy of this species as in other bacteria.
Recent work by Wells and Long suggests that control of ribosome synthesis may be intimately integrated with nodulation in S. meliloti [31] . They have shown that guanosine tetraphosphate (ppGpp), an alarmone that downregulates ribosome synthesis in a variety of bacteria [31^35], is synthesized in S. meliloti by a protein that has domains similar to RelA and SpoT. These are proteins that synthesize and degrade ppGpp in E. coli [14, 36, 37] . A S. meliloti mutant strain de¢cient for this relA/spoT gene failed to synthesize ppGpp, overproduced succinoglycan and was de¢cient in nodule formation [31] , indicating there may be a connection between control of ribosome synthesis and the establishment of symbiosis.
